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We have measured the molecular orientation and bonding of adsorbed ferrocene on Ag(100) and Cu(100)
using angle-resolved photoemission spectroscopy (ARPES). The results for molecular adsorption on
Ag(100) are complemented by high-resolution electron energy loss spectroscopy (HREELS) measurments
and ab initio calculations for the ferrocene vibrational modes. The measurements indicate that ferrocene
adsorbs on Ag(100) with the molecular axis perpendicular to the surface. In contrast, as indicated using
ARPES and scanning tunneling microscopy, ferrocene adsorbed on the Cu(100) surface is oriented with the
molecular axis parallel with the surface. Model calculations allow us to assign all of the observed vibrational
modes for the weakly bound molecular ferrocene on Ag(100)-both dipole and impact scattering modes have
been observed.
Introduction
Metallocenes, including ferrocene (schematically shown in
Figure 1), are central to inorganic organometallic chemistry and
are important catalysts.1 Metallocenes have also been recently
used as metallization sources,2-4 but as yet only a few studies
with a focus on the surface chemistry of metallocenes exist.5-7
Ferrocene, Fe(C5H5)2, has been demonstrated to adsorb mo-
lecularly on Ag(100) at low temperatures5,6 as a weakly bound
molecular adsorbate.5
As noted in recent reviews,8,9 electron spectroscopies in
conjunction with dipole selection rules and symmetry arguments
may be used to study the preferential bonding orientation of
large molecular adsorbates on surfaces. The use of symmetry
and selection rules in determining molecular orientation orig-
inally focused on small, diatomic molecules such as CO, N2,
and NO on metal and semiconductor surfaces. The use of angle-
resolved photoemission (ARPES) has been extended to deter-
mine the preferential surface bonding orientation of large
organics,8-10 main group cluster molecules8,11 and organome-
tallics.8,9,12
Although ARPES is a powerful tool for studying molecular
adsorbates, it has several limitations. The application of sym-
metry and selection rules to photoemission may not always
uniquely define the adsorption site. Furthermore, photoemis-
sion tends to be insensitive to dehydrogenation in large mole-
cules. Thus, high-resolution electron energy loss spectroscopy
(HREELS) is an excellent complementary spectroscopy. There
is also the complication that the adsorbed ferrocene species could
adopt either one of the two possible local symmetry configura-
tions: D5d or D5h (as shown in Figure 1). Of course, interaction
with the substrate will lead to a reduction in the absolute point
group symmetry.
Experimental Section
The angle-resolved photoemission spectra (ARPES) were
acquired at the Synchrotron Radiation Center in Stoughton, WI.
The light was dispersed using the 6 m toroidal grating
monochromator (TGM), and several photon energies were used.
The ultrahigh-vacuum chamber was equipped with an angle-
resolved hemispherical electron energy analyzer which has an
acceptance angle of (1°, as described elsewhere.13 The
combined energy resolution of the analyzer and the light source
was approximately 150 meV or less. The light polarization
dependence of the photoemission spectra was studied at two
light incidence angles: 70° off-normal (p-polarized light) and
40° off-normal ((s + p)-polarized light). While considerable
numbers of spectra were taken at various emission angles, all
the photoemission spectra shown in this paper were acquired
* Address all correspondence to this author.
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Figure 1. The two configurations of ferrocene: (a) staggered config-
uration of D5d symmetry and (b) eclipsed configuration of D5h
symmetry. The schematic of the surface lattice of both Cu(100) and
Ag(100) is also shown.
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with the photoelectrons collected normal to the surface. The
base pressure of the system was maintained at 1  10-10 Torr.
The Ag(100) and Cu(100) single crystals were mounted on a
cryostat in the analysis chamber with the capability of liquid
nitrogen cooling and resistive heating. The temperature was
monitored with a K-type (chromel-alumel) thermocouple, and
both substrates could be cooled to 150 K. The substrates were
cleaned by repeated Ar+ ion sputtering and annealing as noted
elsewhere.5 Ferrocene was sublimed from the solid and
admitted into the chamber through a standard leak valve.
The high-resolution electron energy loss (HREELS) spectra
were taken in a separate UHV (HREELS) chamber with a base
pressure of 8  10-11 Torr and an LK-2000 angle-resolved
electron energy loss spectrometer. An electron beam with an
energy of 1.85 eV was incident at an angle of 60° off the surface
normal throughout this work. Spectra were obtained in both
specular and off-specular (¢ı ) 9°) directions following a
ferrocene exposure of 2 langmuirs (1langmuir ) 1  10-6 Torr
s) on Ag(100) at 110 K.
The scanning tunneling microscope low-temperature (STM)
images of ferrocene on Cu(100) were collected using an
Omicron STM system in a third UHV system. Submonolayer
coverages of ferrocene on Cu(100) were adsorbed at room
temperature following a ferrocene exposure of 103 langmuirs.
Images were acquired using a sample bias of Vbias ) +2 V with
a tunneling current of It ) 0.5 nA in the traditional current mode.
Theory
Theoretical calculations were performed to model the fer-
rocene vibrational modes using the Gaussian-92 ab initio
package.14 Calculations were undertaken with the standard
STO-3G minimal basis set and the extended 3-21G basis set.
The initial geometry of ferrocene was determined by assigning
the molecule to the D5d symmetry point group and standard bond
lengths. Optimization of this geometry at the self-consistent-
field (SCF)15 level using the STO-3G basis set resulted in
convergence. The SCF-STO-3G optimized geometry was
further refined at the SCF-3-21G level and produced a stable
minimum retaining the D5d symmetry. The solutions of the
improved force field calculations provide the vibrational
frequencies of ferrocene summarized in Table 1. This level of
calculation was repeated for deuterated ferrocene (ferrocene-
d10), which is also shown in Table 1. Throughout this article
point group representation elements of vibrational modes are
denoted by upper case letters and for molecular orbitals by lower
case letters.
Ag(100). The orientation of ferrocene adsorbed on Ag(100)
at 150 K as a function of exposure was studied with ARPES
(Figures 2 and 3). Panel a shows spectra measured with
p-polarized light, and panel b shows spectra acquired with (s
+ p)-polarized light. The angle-resolved photoemission spectra,
in general, resemble those of the angle-integrated studies
reported earlier.5,6 These angle-resolved photoemission spectra
binding energies are referenced to the Ag(100) Fermi energy,
and because of greater resolution and angular resolution, the
binding energies differ slightly from previous work4,5 (Table
2).
Upon adsorption of ferrocene, suppression of the Ag 4d bands
and growth of photoemission features at approximately 4.1, 5.4,
7.0 , 8.9, 10.9, 13.4, and 17.0 eV is observed (Figures 2 and 3)
as summarized in Table 2. There exists a strong similarity
between the gas-phase photoemission spectra of ferrocene and
condensed ferrocene,5 although the molecule to substrate and
intermolecular interactions have been observed to shift, split,
or broaden the observed energies of the molecular orbitals. On
the basis of theoretical calculations of the ground-state molecular
orbitals of ferrocene16-22 as well as gas-phase photoemission
and ionization potential studies,23-27 we can assign the adsorbed
ferrocene-induced photoemission features to the molecular
orbitals of ferrocene (Table 2, Figures 2 and 3). The features
at 5.4 and 4.1 eV arise from the ferrocene 8a1g and 4e2g
TABLE 1: Calculated Vibrational Modes of Ferrocene and
Deuterated Ferrocene Using the Extended Basis Set (3-21G)
As Described in the Text
vibrational losses (meV)
Fe(C5H5)2 Fe(C5D5)2 sym vib mode
1.4 1.3 A1u ring torsion
16.1 14.9 E1u asymmetric ring tilt
30.5 28.9 A1g metal-ring stretch
40.4 36.9 E1g symmetric ring tilt
52.3 50.4 E1u ä(M(Cp)2)
53.8 52.2 A2u øas(M(Cp)2)
79.1 70.9 E2u ð(CH)
82.1 72.4 E2g ð(CH)
108.6 81.4 A2u ð(CH)
111.1 82.9 A1g ð(CH)
111.7 87.4 E1g ð(CC)
115.8 90.4 E1u ð(CH)
119.7 97.8 E2u ð(CH)
119.9 101.4 E2g ä(CC)
124.1 102.6 E2u ð(CC)
126.5 102.8 E2g ð(CH)
136.1 105.7 E1g ð(CC)
136.9 106.3 E1u ð(CH)
145.5 119.9 E2u ð(CC)
146.6 120.3 E2g ä(CH)
148.4 140.8 A2u ä(CH)
148.9 141.2 A1g ä(CH)
177.2 139.01 A2g ring breathing
177.3 139.05 A1u ø(CH)
182.8 175.3 E2u ð(CH)
185.8 176.9 E2g ä(CH)
195.8 179.0 E1g ä(CH)
196.0 177.4 E1u ð(CH)
425.4 314.5 E2u ð(CH)
425.5 314.7 E2g ä(CH)
427.5 316.7 E1g ð(CH)
427.6 316.8 E1u ð(CH)
429.7 320.21 A2u ä(CH)
429.8 320.22 A1g ä(CH)
Figure 2. Coverage-dependent angle-resolved photoemission spectra
of ferrocene on Ag(100) at 150 K using a 50 eV incident beam with
normal emission. The spectra in panel (a) were measured using
p-polarized light. The spectra in panel b were measured using (s +
p)-polarized light.
Bonding Orientations of Ferrocene on Surfaces J. Phys. Chem. B, Vol. 101, No. 47, 1997 9783
molecular orbitals, respectively. The 6e1u and 4e1g molecular
orbitals result in the 7.0 eV feature. The feature at 8.9 eV
binding energy (the 6a2u molecular orbital) and the prominent
shoulder at 10.9 eV binding energies have contributions from
a combination of molecular orbitals (3e2u, 3e2g, 3e1g, 5e1u, and
7a2g) as is the case for the 13.4 eV feature (5a2u, 6a1g, 2e2u, and
2e1g). The feature at 17.0 eV is primarily of carbon 2s in origin.
The peak at 2.2 eV has not been uniquely identified but may
result from the interfacial reaction between ferrocene and the
surface (or cyclopentadienyl fragments), since it is well-resolved
at low coverages.
The 5-6 eV feature is assigned to the 8a1g molecular orbital
on the basis that this feature shows the same light polarization
dependence as the 17.0 eV feature. The distinct separation of
the 8a1g from the 4e2g molecular orbital indicates that the 8a1g
is a bonding orbital and no longer the highest occupied
molecular orbital.
In spectra obtained using (s + p)-polarized light (shown in
Figures 2b and 3b), relative peak intensities corresponding to
various molecular orbitals change significantly when compared
to those using p-polarized light (Figures 2a and 3a). The peaks
at 5.4, 13.4, and 17 eV decrease in intensity compared to the
p-polarized spectra, while the 7, 8.9, 10.9, and 13.1 eV features
remain unchanged or increased. These latter features are
primarily of e1 and e2 symmetry, while the 5.4, 13.4, and 17.0
eV features contain substantial a1 character. This enhancement
of the fully symmetric molecular orbitals in p-polarized light is
strongly indicative of a molecular orientation along the surface
normal.
Figure 4 shows the HREELS spectra of ferrocene on Ag-
(100) at 110 K. In the specular direction, the spectra exhibit
TABLE 2: Molecular Orbital Binding Energies (eV) for Ferrocenea
molecular orbitals theory gas phase Ag(100) Cu(100)
8a1g 7.4616 6.8823 5.4 not resolved from 4e2g
10.117 6.8524
7.918 6.925
6.4519 6.8626
6.720 6.8627
7.621
6.622
4e2g 5.6916 7.2323 4.1 4.2
8.317 7.2124 4.65,6
8.518 7.2325
6.619 7.2127
6.720
6.722
6e1u 8.8516 8.7223 7.0 7.1
11.117 8.7224 7.35,6
9.318 8.7225
8.5319 8.7727
8.620
12.621
8.622
4e1g 8.7916 9.3823 not resolved from 6e1u not resolved from 6e1u
11.217 9.1724
9.718 9.3825
7.9619 9.2827
8.120
14.5821
7.222
6a2u 13.0316 12.323 8.9 8.9
15.517 12.225 9.35,6
11.718 12.227
3e2u, 3e2g, 3e1g, 5e1u and 7a1g 13.616 13.023 10.9 not resolved from 6a2u
11.618 13.4623 11.95,6
13.625
13.327
5a2u, 6a1g, 2e2u, and 2e1g 16.523 13.4 13.1
16.425 14.15,6
16.627
19.527 17.0 16.3
185,6
a The binding energies for theory and gas-phase experimental measurements are relative to the vacuum level. Those for the condensed phase are
taken from ref 4 and referenced to the Fermi level.
Figure 3. Coverage-dependent angle-resolved photoemission spectra
of ferrocene on Ag(100) at 150 K using a 60 eV incident beam with
normal emission. The spectra in panel a were measured using
p-polarized light. The spectra in panel b were measured using (s +
p)-polarized light.
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strong peaks located at 60.4, 93.2, 364.5, and 378.7 meV with
a number of weaker loss features in the range 100-200 meV.
The spectrum acquired in the off-specular geometry is charac-
terized by the suppression of the 60.4 and 93.2 meV features
while all the other peaks remain largely unchanged. Clearly,
the 60.4 and 93.2 meV losses are strongly dipole-active modes.
We adopted the D5d structure in our model calculations and
for assignment of the vibrational losses. The intra-ring (Cp)
modes follow vibrations consistent with the D5h symmetry
group, and skeletal modes follow vibrations consistent with the
D5d symmetry group. The symmetry and schematic representa-
tion of the important vibrational modes are indicated in Figure
5.
On the basis of our calculations, we assign the vibrational
loss peak at 60.4 meV to the antisymmetric skeletal vibrational
mode of the metal (M) atom and cyclopentadienyl rings (Cp),
øas(M(Cp)2), of A2u symmetry. Similarly, the peak at 93.2 meV
is assigned as the out-of-plane vibrational mode of the C-H
bond, ð(CH), which is also of A2u symmetry. A weak A2u
symmetry dipole-active mode is observed at 364.5 meV. Both
theory and experiment are in very good agreement, as seen in
Table 3.
Both specular and off-specular spectra (Figure 4) show weak
losses in the range from 100 to 200 meV, which remain largely
the same in intensity in both geometries. This suggests that
these peaks correspond to impact (nondipole) scattering modes.
The selection rules for HREEL spectroscopy favor E1u and E2u
symmetries for nondipole-active modes, and we have made our
assignments accordingly except for one A2u dipole mode. The
experimental losses are in-plane and out-of-plane bending mode
vibrations of the C-H bond as seen in Table 3 and are in good
agreement with theory.
Our calculated vibrational energies at 53.8, 108.6, and 196.0
meV are consistent with the vibrational loss peaks at 60.4, 93.2,
and 195.0 meV, respectively. These values also agree with the
IR data28 for gaseous ferrocene at 59.3, 96.1, and 200.8 meV,
respectively. For cyclopentane (C5H10) in crystal form, the IR
data29 find features at 118.2 and 183 meV. These agree with
our calculated values at 119.7 and 182.8 meV and the HREELS
data as indicated in Table 3. We therefore assign these losses
in our HREELS data to C-H modes. Our calculations indicate
that these two peaks correspond to ð(CH) modes. A peak is
observed at 155.5 meV in the IR data for crystalline ferrocene.30
This agrees with the calculated value at 148.4 meV and the
HREELS vibrational loss peak at 155 meV and, in principle,
should be a dipole-acitve mode.
The peaks at 364.5 and 378.7 meV should correspond to a
dipole-active mode and an impact scattering mode, respectively.
The 364.5 meV mode is indeed enhanced in the specular
geometry while the other loss feature remains largely the same
in intensity in both geometries. These two modes can be
assigned as a ä(CH) mode of A2u symmetry and a ð(CH)
vibrational mode of E1u symmetry. In the infrared data of
ferrocene in solution,31 an absorption at 387 meV, has been
observed, while these losses have also been observed in high-
resolution photoemission25 at 353 and 390 meV respectively.
We note that the calculated values and the HREELS loss
Figure 4. Electron energy loss spectra for ferrocene adsorbed on Ag-
(100) at 110 K. The spectra were taken following 2 langmuir exposure.
Both the specular (A) and off-specular (B, ¢ı ) 9°) spectra are shown
with the same scale but magnified by 150 as compared to the specular
elastic peak. The inset shows features in the range from 100 to 250
meV. The intensities of the two dipole-active modes îas (M(Cp)2) and
ð(CH), at 60.4 and 93.2 meV, respectively, are greatly suppressed in
the off-specular geometry while the peaks at 364.5 and 378.7 meV are
not.
Figure 5. Normal modes of vibration for the loss peaks in the HREELS
spectrum of ferrocene.
TABLE 3: Vibrational Modes of the HREEL Spectrum of
Ferrocenea
calcd energies
(meV) sym vib mode
obsd IR
(meV)
HREELS
(meV)
53.8 (31.3) A2u øas(M(Cp)2) 59.3c 60.4b
60f 68g
108.6 (117.3) A2u ð(CH) 96.1c 93.2b
102f 101g
119.7 (114.9) E2u ð(CH) 118.2d 115.0b
136.9 (145.5) E1u ð(CH) 137.4c 140.0b
138f 135g
148.4 (158.8) A2u ä(CH) 155.5e 155.0b
182.8 (200.3) E2u ð(CH) 183.0d 180.0b
176f 170g
196.0 (211.6) E1u ð(CH) 200.8c 195.0b
205g
429.7 (471.0) A2u ä(CH) 387f 378.7b
390g
427.6 (468.9) E1u ð(CH) 364.5b
353g
a Calculated vibrational modes of ferrocene under 3-21G (STO-3G)
are listed in meV. Calculations show better agreement with the
extended basis set: see text. b This work c Taken from ref 28 d Taken
from ref 29. e Taken from ref 30. f Taken from ref 31. g Taken from
ref 25.
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energies of these peaks are not in good agreement. It is difficult
to explain the vibrational losses at 242, 278, and 316 meV
observed in the gas-phase photoemission25 as anything except
as overtones: these losses have no calculated counterpart.
In addition to the vibrational modes for the HREELS peaks,
we can assign other observed IR and Raman modes for ferrocene
from the literature. The symmetries A1g, A2g, E1g, and E2g
correspond to Raman-active modes while E2u corresponds to
inactive IR modes. Overall, we have been able to assign modes
of A1g, A2g, E1g, E2g, and E2u symmetries.
The energy range from 15 to 55 meV is dominated by skeletal
(metal-ring) modes. The two asymmetric ring tilt modes at
16.1 and 52.3 meV have E1u symmetry. The 16.1 meV mode
agrees with solution IR data31 for ferrocene at 21 meV, and the
52.3 meV mode agrees with IR data28 for ruthenocene in
solution. The metal-ring stretch mode at 30.5 meV is of A1g
symmetry and agrees with Raman data28 for ferrocene-d10 in
solution. The symmetric ring tilt mode at 40.4 meV is of E1g
symmetry and agrees with Raman data28 for ferrocene in
solution. The observed gas-phase electron energy loss at 35
meV, in high-resolution photoemission,25 may be assigned to
either A1g or E1g vibrational modes.
There is a ring breathing mode of totally symmetric repre-
sentation, A2g, at 177.2 meV. This agrees with Raman data29
for cyclopentane in crystal form. The two out-of-plane bending
modes at 111.1 and 111.7 meV, of A1g and E1g symmetries,
also agree with Raman data29 for cyclopentane in liquid and
crystal forms, respectively. The in-plane C-H bending modes
at 148.4 and 185.8 meV, of A2u and E2g symmetries, respec-
tively, agree with Raman data29 for cyclopentane in crystal form.
The out-of-plane C-C bending mode at 136.1 meV agrees with
Raman data29 for cyclopentane-d10 in liquid form. The
calculated losses at energies 146.6 and 195.8 meV are attributed
to the in-plane C-H bending modes of E2g symmetry which
agree with solution Raman data28 for ferrocene.
Based on our calculations, HREELS E1u ð(CH) losses in the
vicinity of 16.1 and 115.8 meV and an E2u loss at 124.1 meV
as well as an E1u ä»(Cp)2 mode at 52.3 meV are expected.
Recent high-resolution HREELS studies of condensed fer-
rocene32 have observed these additional modes at 22.6, 100,
123.8, and 46.3 meV, respectively.
The general softening of the modes with deuteration that we
have calculated has been observed. In particular, the A2u mode
calculated for Fe(C5D5)2 at 81.4 meV (108.6 meV for Fe(C5H5)2)
is observed at 79 meV as opposed to 102 meV for Fe(C5H5)2
in the same solution.31
Cu(100). Figure 6 shows ARPES spectra for ferrocene
adsorbed on Cu(100) as a function of exposure. Panel a shows
spectra measured with p-polarized light, and panel b shows
spectra measured with (s + p)-polarized light.
Upon adsorption of ferrocene at 150 K, there is suppression
of the Cu 3d bands and an increase of photoemission features
at binding energies of approximately 4.2, 7.1, 8.9, 13.1, and
16.3 eV as seen in Figure 6 and summarized in Table 2. The
spectra for ferrocene on Cu(100) are qualitatively similar to
those obtained on the Ag(100) surface. Again, on the basis of
theoretical calculations of the ground-state molecular orbitals
of ferrocene16-22 and gas-phase photoemission and ionization
potential studies,23-27 we can assign these photoemission
features of the adsorbed species (Table 2, Figure 5). The
ferrocene 8a1g and 4e2g molecular orbitals induce the 4.2 eV
feature that overlaps with the Cu 3d bands. The 6e1u and 4e1g
molecular orbitals result in the 7.1 eV feature. The prominent
feature at a binding energy of 8.7 eV binding energy (the 6a2u
molecular orbital) is no longer distinct from the combination
of molecular orbitals (3e2u, 3e2g, 3e1g, 5e1u, and 7a2g) that appear
at higher binding energies. The 13.1 eV feature is also a
combination of several molecular orbitals (5a2u, 6a1g, 2e2u,
and 2e1g).
For the spectra recorded with (s + p)-polarized light (Figure
6b), relative intensities of the molecular orbitals again change
significantly from p-polarized light (Figure 6a), but in a slightly
different manner to those of ferrocene on Ag(100). The peaks
at 4.2, 8.9, 13.1, and 16.3 eV now increase (instead of decrease
or remain the same) in intensity compared to the p-polarized
spectra while the feature at 7.1 eV remains the same or
decreases. The change in the intensity of the 8.9, 13.1, and
16.3 eV features with light polarization is opposite to the case
for ferrocene on Ag(100). Since some features with substantial
a1 character increase with (s + p)-polarized light, this suggests
that the molecular axis of the ferrocene is not placed perpen-
dicular to the surface. Rather, the photoemission is consistent
with a canted or “flat” molecular configuration; in other words,
the ferrocene is bonded with the molecular axis tilted away from
the surface normalspossibly even with the molecular axis
parallel with the surface. This does not mean that there is no
preferential orientationsthe existence of light incident angle
dependence does argue for a preferential orientation, but the
specific orientation cannot be easily assigned on the basis of
the angle-resolved photoemission results alone.
The scanning tunneling microscope images of ferrocene
adsorbed on Cu(100) at room temperature are shown in Figure
7. The three lobes imaged in the STM are very indicative of a
molecular ferrocene species oriented with the molecular axis
parallel with the surface. The images indicate that the molecular
axis is, in fact, along the 〈110〉 direction. This molecular orien-
tation is quite consistent with the angle resolved photoemission
results.
No such ferrocene species could be observed on Ag(100)
using scanning tunneling microscopy following large exposures
of ferrocene to Ag(100) at temperatures as low as 230 K. The
fact that such room-temperature adsorption is observable only
for ferrocene on Cu(100) and not Ag(100) suggests that this
ferrocene species is a partially dehydrogenated ferrocene. This
would account for the higher effective desorption temperature
than most of the molecularly adsorbed ferrocene on Cu(100)
(or Ag(100) for that matter).
Figure 6. Coverage-dependent angle-resolved photoemission spectra
of ferrocene on Cu(100) at 150 K using a 50 eV incident beam with
all the photoelectrons collected along the surface normal. The spectra
in panel a were measured using p-polarized light. The spectra in panel
b were measured using (s + p)-polarized light.
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Discussion
The vibrational modes for most of the peaks in the HREEL
spectra of ferrocene are reasonably modeled by our calculations
based on the extended basis set (3-21G) calculations. The
limited basis set (STO-3G) is less successful in modeling
ferrocene. The infrared data and Raman data available in the
literature support our assignments of vibrational modes of
HREELS and the premise that ferrocene is a weakly bound
adsorbate on Ag(100).5 We find that adsorption of ferrocene
does not result in a large perturbation of the vibrational modes.
Nevertheless, the peaks found at high frequency indicate that
significant improvements in the method of calculations are
required. We anticipate that the use of an anharmonic force
field may enhance the accuracy of the results and would allow
us to better model the vibrational modes for all the peaks in
the HREEL spectrum of ferrocene. Anharmonic corrections
would lead to a softening of the modes, as compared to the
pure harmonic potential, consistent with our data. We are
currently exploring these inconsistencies through the use of
ferrocene-d10 as a prelude to more advanced theoretical studies.
We have postulated in a previous paper5 that molecular
ferrocene is bound to Ag(100) through the plane of the
cyclopentadienyl ring and resulting in a bonding orientation that
places the molecular axis along the surface normal. The model
calculations when compared to the HREELS data and the
polarization dependence of the angle-resolved photoemission
data both strongly support this contention. Bonding to the
substrate occurs via a1 orbitals as indicated by the perturbation
of the 8a1g and 6a1g orbitals.
For Cu(100), it is very clear that a different preferential
bonding orientation is adopted despite the similar chemistry of
copper and silver, and we are currently undertaking experiments
to elucidate these differences. We note, however, that the
calculated separation between two adjacent hydrogens of an
ideal cyclopentadienyl ligand (2.54 Å) is closely matched to
the Cu-Cu separation of 2.56 Å compared to the corresponding
Ag-Ag separation of 2.89 Å, as seen in Figure 1. A strong
chelating interaction by two adjacent cyclopentadienyl hydro-
gens to the copper surface would therefore seem possible, as
seen in Figure 8. Such an interaction would not require the
molecular axis of the ferrocene to be perpendicular to the sur-
face, in agreement with the spectroscopic results for Cu(100).
Although extraction of intermolecular distances from STM
data is difficult, the observed distance between the midpoints
of the external features (ca. 5.5 Å, as seen in Figure 7) is
inconsistent with the separation between the cyclopentadienyl
rings of ferrocene (3.32 Å), even if the molecular axis of the
ferrocene was parallel to the surface. Adoption of this config-
uration by the ferrocene would enable the hydrogen atoms on
Figure 7. A constant-current STM image (4 by 4 nm) of ferrocene
molecules adsorbed on Cu(100) following adsorption at room temper-
ature. The trace through one of the adsorbed ferrocene molecules is
also shown along the 〈110〉 direction. The relative orientation of the
molecule on the Cu(100) surface is indicated schematically. (The solid
line represents the 1,2-hydrogen vector, and the dotted line represents
the 1,3-hydrogen vector.)
Figure 8. Schematic representation of the possible bonding configura-
tions of ferrocene on Cu(100) consistent with the angle-resolved
photoemission results following adsorption at 150 K and the STM
images shown in Figure 7.
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the unattached ring to be available for binding. However, due
to the lattice separation, there are no copper atoms in an
appropriate position for this to take place, as indicated by the
schematic diagram in Figure 8. Nevertheless, a second energy
minima is readily obtained by lengthening and ultimately
cleaving the copper-hydrogen interaction of one ring by
displacement of the ferrocene molecule along its axis by some
2 Å and concomitant generation of a second copper hydrogen
chelating interaction through the cyclopentadienyl protons of
the second ring. Since the energy minima are equal in energy
and the barrier between them is low, the molecule will shuttle
rapidly between the two paired sites, as indicated by Figure 8.
Movement to adjacent paired sites is also possible; however,
the barrier to this is presumably sufficiently large to permit
observation of the STM images. This model provides an
attractive explanation of the elongated features in the STM
images of ferrocene on Cu(100) which arise from a site-
aVeraged enVironment which increases the apparent length of
the ferrocene molecule by some 2 Å.
We have been unsuccessful in obtaining STM data for
ferrocene bound to Ag(100). Ferrocene is bound to the surface
of Ag(100) through the ð-system of the cyclopentadienyl ring
with the molecular axis perpendicular to the surface. As a result,
increased mobility of ferrocene over the surface of the silver
when compared to the differing bonding orientation on Cu(100)
is not unexpected and may be the origin of a lack of data.
It must be realized that the experiments detailed in this paper
cannot detect dehydrogenation of the cyclopentadienyl ligands,
and while the 8a1g and 6a1g molecular orbitals for ferrocene on
Cu(100) have smaller binding energies than is the case for fer-
rocene on Ag(100), the bonding mechanism cannot be elucidated
from our photoemission results. It is important to be aware
that dehydrogenation can change bonding configurations; for
example, o-xylene bonding orientation to the surface is domi-
nated by the partial dehydrogenation of the methyl groups.33
Substrate-dependent bonding configurations are known for
other molecular adsorbates as well. A molecular orientation
with the ring parallel with the surface (i.e. a “flat” bonding
configuration) has been found for benzene on Pd(100),34 Pt-
(111),35 Rh(111),36 Ir(111),37 Ni(111),38-40 and Ru(100).41 For
benzene on Pd(110)42,43 the selection rules applied to the angle
resolved photoemission measurements suggest that instead of
lying “flat” the adsorption geometry is slightly tilted. A tilt
geometry of 10°-20° was proposed,43 reducing the overall
symmetry to Cs. Similarly, benzene on Cu(110) is also believed
to be tilted44 to an even greater degree than the 10°-20° inferred
for benzene on Pd(110).
The closely related molecule, pyridine, does not lie flat as
readily as benzene. Angle-resolved photoemission measure-
ments show quite clearly that the molecule bonds through the
N atom on Ir (111).37 The molecule stands up (i.e., upright),
occupying a relatively high point group symmetry in this
bonding configuration, with the molecular axis along the surface
normal.37 Angle-resolved photoemission results for pyridine
on Pd(111) suggest a tilted configuration (neither “flat” nor
“upright” in bonding configuration) with the molecule interact-
ing with the surface through both the nitrogen lone pair electrons
and the p electrons.45 Pyridine on Pd(110) appears from angle-
resolved photoemission to bond in a “flat” configuration.46 This
is quite different from many of the results for the pyridine
bonding configuration. Angle-resolved photoemission from this
surface, Pd(110), has also provided unusual results for benzene,
as we have just notedsthe bonding of benzene on Pd(110) has
been suggested to bond in a tilted configuration (opposite to
most benzene bonding configurations).43
Conclusion
We find that ferrocene is weakly bound to Ag(100), consistent
with earlier studies,5 and the preferential bonding orientation is
with the molecular axis along the surface normal. Molecular
ferrocene adsorption on Cu(100), on the other hand, bonds with
the molecular axis parallel with the surface and a preferential
orientation along the 〈110〉 direction. Significantly, preliminary
results indicate that the differing bonding modes give rise to
differing rates of surface decomposition.
The vibrational modes in the HREELS measurements are
reasonably well modeled with the extended basis set (3-21G)
calculations. The infrared and Raman data available in the
literature support our assignments of the vibrational modes from
the HREELS data. Nevertheless, the high-frequency peaks
require significant improvements in the calculations. We
anticipate that the use of anharmonic force field would enhance
the accuracy of the results and help us better model the
vibrational modes for all the peaks in the HREELS spectrum
of ferrocene.
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